Mild traumatic brain injuries are of major public health significance. Neurons in such injuries often survive the primary mechanical deformation only to succumb to subsequent insults. To study mechanisms of vulnerability of injured neurons to secondary insults, we used an in vitro model of sublethal mechanical stretch. Stretch enhanced the vulnerability of the neurons to excitotoxic insults, causing nuclear irregularities, DNA fragmentation, and death suggestive of apoptosis. However, the DNA degradation was not attributable to classical (caspase mediated) or caspase-independent apoptosis. Rather, it was associated with profound stretch-induced mitochondrial dysfunction and the overproduction of reactive oxygen species (ROS). Sublethally stretched neurons produced surprisingly high levels of ROS, but these in isolation were insufficient to kill the cells. To be lethal, the ROS also needed to combine with nitric oxide (NO) to form the highly reactive species peroxynitrite. Peroxynitrite was not produced after stretch alone and arose only after combining stretch with an insult capable of stimulating NO production, such as NMDA or an NO donor. This explained the exquisite sensitivity of sublethally stretched neurons to a secondary NMDA insult. ROS scavengers and NO synthase (NOS) inhibitors prevented cell death and DNA degradation. Moreover, inhibiting neuronal NOS activation by NMDA using peptides that perturb NMDA receptor-postsynaptic density-95 interactions also reduced protein nitration and cell death, indicating that the reactive nitrogen species produced were neuronal in origin. Our data explain the mechanism of enhanced vulnerability of sublethally injured neurons to secondary excitotoxic insults and highlight the importance of secondary mechanisms to the ultimate outcome of neurons in mild neurotrauma.
Introduction
Traumatic brain injury (TBI) afflicts people of all ages and places a significant socioeconomic burden on Western society (Marshall, 2000) . It is likely that this burden is underestimated, because milder forms of TBI and its consequences are underreported (National Center for Health Statistics, 1997; NIH, 1999; Centers for Disease Control and Prevention, 2001) . TBI can result in neurological impairment because of immediate CNS tissue disruption (primary injury), and surviving cells may be secondarily damaged by mechanisms triggered by the primary event, leading to additional damage and disability (Teasdale and Graham, 1998; Amar and Levy, 1999) .
Unlike in severe TBI, neurons in mild TBI are less affected by primary mechanical disruption but may be vulnerable to subsequent events. Accordingly, to study secondary injury mechanisms in vitro, we developed a model of sublethal stretch-induced injury in cultured cortical neurons . The sublethal stretch approach removes the confounding effects of neuronal loss from primary tissue disruption. We have extensively characterized this model. In brief, sublethally stretched neurons maintained cell membrane integrity, viability, and electrophysiological function. However, stretching evoked in the neurons a heightened vulnerability to subsequent challenges with L-glutamate or NMDA. This heightened vulnerability was specifically mediated by NMDA receptors (NMDARs), because stretched neurons did not become more vulnerable to either AMPA/kainate toxicity or to that induced by a Ca 2ϩ ionophore. Stretch-enhanced vulnerability to NMDA occurred independently of endogenous glutamate release but required Ca 2ϩ influx through NMDARs. Stretch did not affect the electrophysiological properties of NMDARs nor excitatory synaptic activity, indicating that specificity of enhanced vulnerability to NMDA involves postsynaptic mechanisms downstream from NMDARs. The data indicated that sublethal in vitro stretch injury triggers distinct secondary injury signaling pathways rather than causing a generalized increase in vulnerability to secondary insults. These were the focus of this study.
Here, we demonstrate a major, previously unappreciated, mechanism underlying the enhanced vulnerability of sublethally stretched neurons to subsequent insults. We show that sublethal stretch injury caused neurons to exhibit nuclear irregularities and DNA fragmentation suggestive of a switch in the mode of cell death from necrosis to apoptosis. However, the increased vulnerability of stretched neurons to secondary insults was not apopto-Determination of cell death. Cell death was determined by serial quantitative measurements of PI fluorescence using a multiwell plate fluorescence scanner (Cytofluor II; PerSeptive Biosytems, Framingham, MA), as described previously (Sattler et al., 1997 . In brief, the culture medium in each tissue culture well was replaced with control solution containing 50 g/ml PI, and a baseline fluorescence reading was taken. Sequential readings were then taken at appropriate intervals over the 20 hr observation period. The fraction of dead cells in each culture at a given time was calculated as follows: fraction dead ϭ (F t Ϫ F o )/F NMDA , where F t is the PI fluorescence at time t, F o is the initial PI fluorescence at time 0, and F NMDA is the background-subtracted PI fluorescence of identical cultures from the same dissection and plating, 20 -24 hr after a 60 min exposure to 1 mM NMDA at 37°C. Based on manual observations at the time of validation of this technique, this NMDA exposure routinely produced near complete neuronal death in each culture but had no effect on surrounding glia (Bruno et al., 1994; David et al., 1996; Sattler et al., 1997) . Adding Triton X-100 (0.1%) to cultures treated in this manner produced an additional 10 -15% increase in PI fluorescence because of permeabilization of non-neuronal cell membranes, consistent with a 10 -15% glial component in the cultures.
Experimental protocols. All experiments were performed at 37°C. Unless indicated otherwise, all solutions contained nimodipine (2 M) and CNQX (10 M) to restrict the actions of applied NMDA to NMDARs by preventing the secondary activation of other pathways . In general, the cultures were washed two times with control solution and immediately stretched to 130% of their original length for 1 sec. After the stretch, they were washed once with control solution alone or challenged with an additional treatment (e.g., NMDA) and placed at 37°C for 1 hr. They were then washed once with control solution and then with control solution containing 50 g/ml PI to obtain a baseline reading. In pilot studies, baseline readings obtained at this stage were similar to those obtained by staining the cells with PI before stretch. Because the stretch causes splashing of the bath solution, staining with PI after stretch reduced biohazard potential and artifacts associated with PI outside the culture well. Unstretched controls were manipulated identically to stretched cultures.
Assessment of mitochondrial membrane potential. Mitochondrial potential was measured with TMRM because it is believed to reduce mitochondrial respiration to a lesser extent than other dyes such as rhodamine-123 or tetramethylrhodamine ethyl ester (Scaduto and Grotyohann, 1999) . Cultures were preincubated at 37°C with 10 nM TMRM for 30 min. This concentration is well below that which is anticipated to quench TMRM fluorescence, and reductions in mitochondrial potential are manifest by reductions in whole-cell fluorescence (see Fig. 5B for effect of carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP), a mitochondrial depolarizing agent). TMRM was maintained in the solution throughout the experiment. TMRM fluorescence was imaged on an Eclipse TE-2300 microscope (Nikon) using 20ϫ objective, a 510 -560 nm bandpass excitation, and 590 nm long-pass emission filter. Images were acquired using an ORCA-ER digital camera (Hamamatsu, Middlesex, NJ) and Simple PCI software (Nikon). Fluorescence from 10 -30 cells was averaged and background subtracted for each image.
Assessment of ROS production. The production of ROS was measured with DHR. In brief, DHR is oxidized to a fluorescent rhodamine-123 (Royall and Ischiropoulos, 1993) , and the consequent rise in fluorescence may be used as an indicator of ROS production. DHR has been shown to be oxidized by superoxide anions (Rothe et al., 1991; Bueb et al., 1995; Ostrovidov et al., 1998) , hydrogen peroxide (Royall and Ischiropoulos, 1993; Gow et al., 1999) , peroxide radicals (Royall and Ischiropoulos, 1993; Gow et al., 1999) , and peroxynitrite (Gilad et al., 1997) . ROS were measured as described previously Aarts et al., 2003) . In brief, cultures were preloaded for 30 min with 5 M DHR and subjected to the experimental insult. DHR fluorescence was measured in a multiwell plate fluorescence scanner (Cytofluor II; 485 nm excitation; 530 emission; PerSeptive Biosytems). DHR fluorescence was normalized to baseline using the formula (F t Ϫ F o )/F o , where F t is the DHR fluorescence at time t and F o is the DHR fluorescence at time 0. DHR fluorescence images were also acquired using a microscope (465-495 nm excitation; 515-555 nm emission) as described above for TMRM.
DNA fragmentation assays. DNA fragmentation was examined using the terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) method (Gavrieli et al., 1992; Didenko and Hornsby, 1996; Didenko et al., 1998) and by DNA agarose gel electrophoresis (Hill et al., 2000) .
TUNEL assay. Nuclear DNA strand breaks were detected by enzymatically labeling free 3Ј-OH termini with modified nucleotides provided in the Apoptag kit (Intergen, Purchase, NY), using the manufacturer's instructions. Visualization of TUNEL-stained nuclei was achieved using an anti-digoxigenin antibody conjugated to a fluorescein or peroxidase reporter molecule (ApopTag Peroxidase kits S7110 and S7100, respectively; Intergen). In fluorescence experiments, nuclei were counterstained using 5 ng/ml Hoechst 33258 (1:5000; Transduction Laboratories, Lexington, KY) and visualized using 465-495 nm excitation and 515-555 nm emission for fluorescein and 340 nm excitation and 510 -40 nm emission for Hoechst. The number of TUNEL-positive cells was expressed as a fraction of the total cell number in the field. In each culture, four to eight random fields were quantified. Approximately 100 -200 cells were counted per culture, and at least three experiments were performed for each set of counts.
DNA gel electrophoresis. DNA laddering was evaluated as described previously (Hill et al., 2000) . In brief, all tissue was collected from each culture well and pelleted by centrifugation (1000 rpm; 1 min). The cells were digested for 2 hr at 56°C in buffer containing (in mM) 10 Tris, pH 8.0, 2 EDTA, pH8, 400 NaCl, 0.5% SDS, and 1 mg/ml proteinase K. Digest solution was subjected to phenol/chloroform extraction, and total DNA was precipitated from the aqueous layer with an equal volume of 100% ethanol. The DNA pellet was dried, dissolved in 50 l of ddH 2 0, and kept overnight at 4°C. Ten micrograms of DNA were prepared on a 2% agarose gel. Gels were stained with ethidium bromide and photographed.
Protein harvest for immunoblots. All tissue was collected from each culture well and centrifuged to obtain a total cell pellet. The pellet was washed with phosphate buffered saline (PBS) containing phenylmethylsulfonyl fluoride (PMSF) to inhibit intracellular proteases. Subsequent to the final wash, the pellet was resuspended in Triton lysis buffer containing (in mM) 150 NaCl, 20 Tris, pH 7.4, 20 NaF, 0.1 sodium vanadate, 1% Triton X-100, and 1 PMSF). In experiments necessitating cytosolic and nuclear protein fractions, fractioned lysates were prepared according to the method of Borer et al. (1989) . In brief, harvested cells were reconstituted with hypotonic buffer (in mM: 10 HEPES, pH 7.9, 10 KCl, 0.1 EDTA, 0.1 EGTA, and 1 PMSF) and incubated on ice for 15 min. NP-40 (0.5% final concentration) was added to cell suspension, vortexed, and incubated for 1 min at room temperature. Suspension was centrifuged (10,000 rpm; 30 sec; room temperature), and supernatant and pellet fractions were separated. The supernatant fraction (cytosolic fraction) was reconstituted in Triton lysis buffer by adding 5ϫ stock buffer directly to the fraction. The pellet fraction (nuclear fraction) was washed two times with hypotonic buffer (containing 0.5% NP-40), and the final pellet was reconstituted with 1ϫ Triton lysis buffer.
The protein content of all fractions was assessed using the DC Protein Assay kit (Bio-Rad, Mississauga, Ontario, Canada), and the samples were stored at Ϫ80°C until the time of analysis.
Immunoblotting. Protein samples were immunoblotted as described previously (Jones et al., 1997; Sattler et al., 2000) . The blotted proteins were probed using the following primary antibodies: rabbit polyclonal anti-caspase 3 (1:1000; StressGen, Sidney, Canada); mouse monoclonal anti-apoptosis-inducing factor (AIF; 1:800; Santa Cruz Biotechnology, Santa Cruz, CA); mouse monoclonal anti-nNOS (NOS type 1) IgG2a (1:2000; Transduction Laboratories); mouse monoclonal antiendonuclease g (endo g; 1:1000; ProSci). The secondary antibodies were sheep anti-mouse Ig or donkey anti-rabbit Ig conjugated to horseradish peroxidase (diluted 1:3000 in TBS with 0.05% Tween 20; Amersham Biosciences, Oakville, Ontario, Canada).
Immunostaining. Cultures were fixed with warm 4% paraformaldehyde and 4% sucrose in PBS for 20 min, permeabilized with 0.1% Triton X-100 for 10 min at 4°C, and blocked with 10% goat serum in PBS for 1 hr at room temperature. Immunofluorescence was visualized with an inverted Nikon microscope using a 40ϫ oil immersion lens. FITC, rhodamine, and Hoechst were visualized using 465-495 nm excitation and 515-555 nm emission, 510 -560 nm excitation and 590 nm emission, and 340 nm excitation and 510 nm emission, respectively. Active caspase 3 was labeled by incubating the cultures with a purified rabbit monoclonal anti-active caspase 3 antibody (1:300; BD PharMingen San Diego, CA) and a fluorescein-conjugated goat anti-mouse IgG secondary antibody (1:500; Transduction Laboratories). Nitrotyrosine was labeled by incubating the cultures with a rabbit polyclonal ␣-nitrotyrosine primary antibody (1:300; Upstate Biotechnology, Lake Placid, NY) and a rhodamine-conjugated goat anti-rabbit IgG secondary antibody (1:500; Transduction Laboratories). AIF was labeled by incubating the cultures with an AIF antibody (1:200; Santa Cruz Biotechnology) (Zhang et al., 2002) and a rhodamine-conjugated goat anti-mouse IgG secondary antibody (1:500; Transduction Laboratories). In some experiments, nuclei were counterstained with with Hoechst 33258 (1:5000; Transduction Laboratories).
Synthetic Tat peptides and plasmid construction. Tat-conjugated peptides were synthesized at the Advanced Protein Technology Centre (Hospital for Sick Kids, Toronto, Ontario, Canada). Tat peptides were conjugated to either the terminal nine amino acids of the NMDAR NR2B subunit (Tat-NR2B9c) or to the mutated form (serine and valine replaced with alanine; Tat-NR2B-AA). The Tat peptide sequences are as shown in Figure 10 B.
Transducible proteins were constructed by cloning PCR products in frame into the pTat-HA bacterial expression vector containing an N-terminal 6-histidine leader, followed by the 11 amino acid Tat protein transduction domain, a hemagglutinin (HA) tag, and a polylinker site (a kind gift from S. Dowdy, Washington University, St. Louis, MO). The transducible pTat-PDZ1-2 and pTat-GK fusion proteins were constructed as follows: oligonucleotides PDZ1-2 (sense, 5Ј-ggtaccgaggagarcacattggaa-3Ј; antisense, 5-gaattctgggggagcatagctgtc-3Ј) and GK (sense, 5Ј-cgggtaccgctcgtcccatcatcatc-3Ј; antisense, 5Ј-gaattctcagagtctctctcgggctgg-3Ј) were used to generate postsynaptic density-95 (PSD-95) fragments with the 5Ј KpnI site and 3Ј EcoRI site for subcloning into the pTAT-HA vector polylinker site. Both the PCR products and pTAT-HA plasmid were digested with KpnI and EcoRI, ligated, and subsequently transformed into competent DH5␣ bacterial cells (Invitrogen, Burlington, Ontario, Canada). Plasmids were isolated and retransformed into BL21(DE3)pLysS bacterial cells (Invitrogen) . To determine whether the transformations were successful, homogenates of AMP-resistant colonies were run on SDS-PAGE, transferred to nitrocellulose membranes, and probed with mouse HA.11 antibody against the HA tag (Covance/BabCo, Princeton, NJ). HA-tagged proteins were detected using a goat anti-mouse secondary antibody conjugated to horseradish peroxidase and visualized using enhanced chemiluminescence. Clones expressing the fusion protein were harvested by sonication in 8 M urea, and a Ni-NTA column (Amersham Biosciences) was used to extract the fusion proteins. The proteins were desalted on PD-10 columns (Amersham Biosciences), protease inhibitors were added (1 g/ml aprotinin and 1 g/ml leupeptin), and the protein concentration was determined using the DC Protein Assay kit (Bio-Rad).
Results

Sublethal stretch injury model
The model used to study mechanisms of neuronal vulnerability after stretch was detailed by Arundine et al. (2003) . The stretch severity was titrated downward until no cells died after insult for a 24 hr observation period (sublethal injury). This eliminated the confounding effects of mechanical cell disruption (primary injury) on any damage that might be imposed by a subsequent insult (secondary injury). The cultures were stretched to 130% of their original length for 1 sec. Preliminary studies demonstrated that at static peak deflection, the neurons and dendrites remained attached to the culture membrane (data not shown) (but see Smith et al., 1999) . Therefore, the membrane stretch likely correlated with cell stretch. We did not calculate the culture membrane strain, an estimate of the strain imparted to the cells, because the latter may differ from the strain of the underlying substrate. Sublethally stretched cells did not take up the cell viability indicator PI, were morphologically unchanged, and exhibited normal whole-cell ionic currents .
Stretch renders neurons more vulnerable to secondary insults with NMDA Although stretch to 130% for 1 sec (hereafter referred to as "stretch") did not kill the neurons, it made them more vulnerable to a subsequent application of NMDA at concentrations that were tolerated by most unstretched controls. This occurred both when NMDA was applied just before (data not shown) or within 10 min after the stretch (Fig. 1 A, B) . We showed previously that this enhanced vulnerability to a second challenge was not ubiquitous to all types of insults. Rather, stretched neurons exhibited an enhanced mortality when challenged with agonists of NMDARs (NMDA and L-glutamate), but not when challenged with selective AMPA/kainate receptor agonists or with a Ca 2ϩ ionophore. Moreover, the enhanced vulnerability of stretched neurons to NMDA was not attributable to synaptic or nonsynaptic release of excitatory amino acids from stretched cells, nor attributable to alterations of NMDAR function .
Sublethal stretch injury produces irregular nuclear morphology
To examine the effects of stretch on nuclear morphology, the cells were stained with the cell-permeant nuclear dye Hoechst 33258 (see Materials and Methods). Nuclei of unstretched neurons exposed to lethal (1 mM) or sublethal (30 M) NMDA concentrations remained round (Fig. 1C, white arrows) . However, neurons exposed to sublethal stretch or to the lethal combination of stretch and 30 M NMDA exhibited irregular and condensed nuclei (Fig. 1C, red arrows) . This morphology has been interpreted as representing apoptosis in some studies examining the effects of low NMDA concentrations (Bonfoco et al., 1995 (Bonfoco et al., , 1996 and in past studies of in vitro traumatic neuronal damage (Shah et al., 1997) . Moreover, apoptosis has been implicated as a causative death mechanism in many animal studies of TBI (Rink et al., 1995; Clark et al., 1997; Conti et al., 1998; Newcomb et al., 1999; Raghupathi et al., 2000; Wennersten et al., 2003) . Because NMDA alone did not produce irregular nuclei even at lethal (1 mM) concentrations, we questioned whether stretch biased the neurons to an apoptotic death. Thus, we next sought additional markers of apoptosis in these cells.
NMDA challenge to sublethally stretched neurons produces DNA fragmentation
Internucleosomal DNA fragmentation is an important biochemical feature of apoptosis and can be determined using in situ nick-end labeling (TUNEL) or by DNA fragmentation analysis by gel electrophoresis (Gavrieli et al., 1992; Gerschenson and Rotello, 1992; Allen et al., 1997) . We used both techniques to detect DNA fragmentation in stretched cells 20 hr after the insult (Fig. 2 A-C) . As a positive control for apoptosis, the cultures were treated with staurosporine (1 M for 48 hr) because this is an established method for triggering an apoptotic death in cortical cultures (Yu et al., 1997; Budd et al., 2000) . TUNEL staining was observed only in staurosporine-treated cultures and in stretched cultures that were also challenged with NMDA ( Fig. 2 A, B ). Cultures exposed to the nonlethal conditions of sham (unstretched controls), stretch alone, or 30 M NMDA without stretch did not TUNEL stain ( Fig. 2 A, B) . Interestingly, cultures exposed to 1 mM NMDA, which is lethal ( Fig.  1 A) , also failed to TUNEL stain ( Fig. 2 A, B) , a finding consistent with a lack of effect of 1 mM NMDA on nuclear morphology (Fig.  1C) . Complementary results were obtained when DNA fragmentation was evaluated by DNA gel electrophoresis: DNA ladders suggestive of intenucleosomal DNA fragmentation were only ob- served in staurosporine-treated positive controls and in stretched neurons that were also treated with 30 M NMDA (Fig.  1C) . These results show that DNA fragmentation was uniquely displayed by neurons undergoing the combination of sublethal stretch, followed by NMDA at concentrations that would have been tolerated by most cells in the absence of previous stretch. A lethal excitotoxic challenge without stretch was insufficient to produce DNA fragmentation.
Because stretch is a physical insult, we questioned whether the mechanical deformation of nuclei might directly induce chromatin damage at the weakest points (internucleosomal breaks), thus initiating programmed cell death. To test this, we surmised that if the DNA damage is mechanically induced, then it should be evident immediately after stretch. Accordingly, we examined cells at 1 hr after injury by TUNEL staining. However, TUNEL positivity 1 hr after stretch was no different than in unstretched controls (Fig. 2 D) . Similar results were obtained using DNA gel electrophoresis (data not shown). Thus, it is unlikely that the DNA fragmentation induced after stretch plus NMDA is caused by direct mechanical damage.
Although apoptosis causes DNA fragmentation, the converse is not necessarily true. For example, in traumatic head injury, DNA fragmentation analysis (TUNEL staining or gel electrophoresis) was of no value because these tests were positive for both processes in both necrotic and apoptotic cells (Ishimaru et al., 1999) . This is likely because DNA of necrotic cells also undergoes degradation and reacts with the terminal transferase used in the TUNEL assay (CharriautMarlangue and Ben Ari, 1995; GraslKraupp et al., 1995) . Thus, to seek additional evidence of apoptosis, we next examined other indicators of apoptotic pathways.
Role of classical apoptosis in DNA fragmentation of sublethally stretched neurons exposed to NMDA Previous studies have suggested that in models of glutamate toxicity, TBI, and ischemia, internucleosomal DNA fragmentation is mediated by pathways involving effector caspases, including caspase 3 (Tenneti et al., 1998; Eldadah and Faden, 2000; Pike et al., 2000) . In response to various apoptotic stimuli, the pro-form of caspase 3 (i.e., inactive form) is cleaved into a smaller fragment (active caspase 3) that has proteolytic activity resulting in eventual endonuclease activation and DNA fragmentation Sakahira et al., 1998; Yakovlev et al., 2001 ). Thus, we questioned whether caspase-associated pathways were involved in the DNA fragmentation observed after stretch.
First, we used immunofluorescence to examine the cultures for the presence of active caspase 3 20 hr after stretch, a time point at which we found increased internucleosomal DNA fragmentation in neurons exposed to stretch plus NMDA ( Fig. 2 A -C) . Although cultures exposed to staurosporine (positive control) stained for active caspase 3, we failed to observe a concomitant increase in active caspase 3 under any other conditions (Fig. 3A) .
To examine this further, we next checked for the presence of active caspase 3 by immunoblotting. However, at 20 hr after stretch, there was no evidence of the cleaved form of caspase 3 (17 kDa) (Fig. 3Bi ). All conditions were immunopositive for the proform of caspase 3, as represented by the 32 kDa band (Fig. 3Bi ). Next, we tested whether active caspase 3 was detectable at earlier time points in stretched neurons treated with 30 M NMDA. However, this also failed to reveal evidence of active caspase 3 at 1, 4, 8, r or 12 hr after the insult. Although active caspase 3 was not detected, we next questioned whether other caspases might have been involved. Thus, we examined the effects of the pan caspase inhibitor z-VAD-FMK (Fearnhead et al., 1995) . Previous studies suggest that z-VAD-FMK treatment of cortical neurons protects them from NMDAinduced apoptosis (Charriaut-Marlangue and Ben Ari, 1995; Grasl-Kraupp et al., 1995; Tenneti et al., 1998) . Indeed, we found that cell death in cultures treated with staurosporine (1 M; 48 hr) can be significantly reduced by pretreatment with 200 M z-VAD-FMK (Fig. 3C) . Two hundred micromoles of z-VAD-FMK were not toxic to unstretched cultures or to those that underwent stretch alone. However, when treating stretched cultures with both 30 M NMDA and z-VAD-FMK, we found no significant reduction in cytotoxicity (Fig. 3C) . Similarly, z-VAD-FMK did not reduce DNA fragmentation of neurons exposed to stretch plus NMDA as measured by DNA gel electrophoresis (Fig. 3D ). Taken together, our results suggest that caspase-mediated apoptosis is unlikely to explain the DNA fragmentation observed in sublethally stretched neurons challenged with NMDA.
Role of caspase-independent apoptosis in DNA fragmentation of sublethally stretched neurons exposed to NMDA In addition to caspase-mediated apoptosis, there also exists caspase-independent mechanisms of DNA degradation. These are initiated by the cytoplasmic release of mitochondrial proteins such as endo g or AIF. The endo g protein is a 30 kDa nuclease involved in mitochondrial DNA replication (Cote and RuizCarrillo, 1993) . AIF is a mitochondrial flavoprotein (Susin et al., 1999) that translocates from the mitochondria to the nucleus after insults and activates nucleases that induce large-scale DNA fragmentation (Ͼ50 kbp) and cell death (Yu et al., 2003; Lorenzo and Susin, 2004) . Released endo g can produce nuclear DNA cleavage directly (Wang, 2001) . Recent studies of experimental TBI have implicated AIF translocation from mitochondria to cell nuclei in the resulting damage (Zhang et al., 2002) .
To explore this, we first used immunohistochemistry to determine whether AIF translocated to nuclei (Fig. 4 A) . Cultures that underwent stretch under the indicated conditions (Fig. 4) were then fixed and stained 20 hr after insult. Although AIF immunofluorescence was detectable in the cells (Fig. 4 A, red) , we could not detect it in the nuclei (Fig. 4 A, blue) by this means. Therefore, we next used Western blots to determine whether AIF or endo g translocated to the nucleus after stretch. The cultures underwent a stretch insult using the different conditions indicated in Figure  4 B and were harvested at the indicated times (6 or 20 hr). The tissue was then used to prepare cytoplasmic and nuclear fractions (see Materials and Methods) to examine them separately. These fractions were immunoblotted for AIF and endo g, as well as for nNOS. The latter is a cytoplasmic protein not expected in the nuclear fraction and was thus used as a control for contamination of the nuclear fraction by cytoplasmic proteins. Using this approach, we failed to detect any significant quantities of nuclear AIF or endo g immunoreactivity in any of the stretched cells at either 6 or 20 hr after injury (Fig. 4 B) . Thus, it is unlikely that these caspase-independent apoptotic mechanisms explain the DNA fragmentation observed in neurons exposed to stretch plus NMDA. Role of calpains in sublethally stretched neurons exposed to NMDA The Ca 2ϩ -activated neutral cysteine protease calpain has long been implicated in excitotoxic damage (Siman and Noszek, 1988; Siman et al., 1989) . Calpain activity causes cleavage of cytoskeletal proteins, enzymes, and transcription factors. We have already determined that cytoskeletal protein breakdown is unlikely to explain the enhanced vulnerability of stretched neurons to NMDA . However, calpains also share some common substrates with the caspases including cleavage of caspases themselves, thus raising the possibility of protease-induced apoptosis (Gil-Parrado et al., 2002; Danial and Korsmeyer, 2004) . Accordingly, we examined whether calpain activation might explain the enhanced vulnerability of sublethally stretched neurons to NMDA. We examined the effect of 10 M z-val-phe-CHO (calpain inhibitor III), which provides neuroprotection against UV-induced neuronal death, reduces spectrin degradation in primary cortical neuronal cultures (McCollum et al., 2002) , and reduces hippocampal culture cell mortality from glutamate toxicity (Rami et al., 1997) . Calpain inhibitor III was applied 1 hr before stretch and remained in all solutions thereafter. It had no toxic effects in control or in stretched cultures (Fig. 4C) . Consistent with other studies, cells challenged either with 30 M or 1 mM NMDA were slightly protected by this compound, whether or not they underwent stretch. However, the heightened vulnerability of stretched neurons to NMDA was not reduced (Fig. 4C) . These data suggest that although calpain activity may partly mediate NMDA toxicity, it does not mediate the increased vulnerability of stretched cultures to NMDA.
Our results to this point show that although sublethally stretched neurons exhibit an enhanced vulnerability to NMDA toxicity, irregular nuclear morphology, and DNA fragmentation, these are unlikely to be caused by classical or caspaseindependent apoptotic mechanisms. Thus, we sought alternative explanations for why sublethal stretch causes neurons to be more vulnerable to subsequent insults with NMDA and why DNA fragmentation occurs.
Mitochondrial potential measurements predict survival after sublethal stretch Mitochondrial dysfunction in cultured neurons has been observed after excitotoxin exposure (Wang and Thayer, 1996; Nicholls and Budd, 1998) and also after in vitro stretch (Ahmed et al., 2000 (Ahmed et al., , 2002 . Accordingly, we examined whether the lethality of combining sublethal stretch with excitotoxin exposure could be explained by mitochondrial dysfunction as gauged by mitochondrial potential measurements. We used TMRM, a cellpermeant cationic mitochondrial potential indicator. When applied at low concentrations (10 nM), TMRM is extruded from depolarized mitochondria, resulting in a net reduction in wholecell TMRM fluorescence (Petronilli et al., 2001) . As with many potentiometric probes, TMRM is affected by both mitochondrial and membrane potentials (Ehrenberg et al., 1988; Loew et al., 1993) . Accordingly, these experiments can only indicate a relative rather than absolute change in mitochondrial depolarization.
In the absence of insults, neurons maintained their mitochondrial potential throughout the 20 hr observation period (Fig. 5) . As a positive control, we applied the protonophore FCCP (10 M; Figure 4 . NMDA challenge of stretched neurons does not cause death through caspase-independent apoptotic pathways. A, Lack of nuclear localization of AIF by immunofluorescence. AIF was visualized in fixed cultures at 20 hr after insult. B, Immunoblots of AIF (65 kDa), endo g (35 kDa), and nNOS (160 kDa) in nuclear and cytosolic fractions taken from cells at 6 or 20 hr after insult (stretch Ϯ 30 M NMDA). All cytoplasmic fractions were positive for immunoreactivity of AIF, endo g, and nNOS. However, nuclear fractions showed only trace immunoreactivity for any of these proteins (representative of 3 separate experiments). C, Inhibiting calpain does not reduce stretch-induced vulnerability to NMDA toxicity. Cultures were prencubated for 30 min with 10 M calpain inhibitor III and then exposed to the indicated challenge. Calpain inhibitor III remained in the bath until cell death was measured at 20 hr. Calpain inhibition reduced slightly the toxicity of NMDA in all conditions but failed to reduce the vulnerability of the cells to stretch. The asterisks indicate the difference from paired control (Bonferroni t test; p Ͻ 0.05). The bars show the mean ϩ SE of 9 -12 cultures obtained from three separate experiments.
10 min), which causes a profound mitochondrial depolarization and a corresponding loss of TMRM fluorescence (Fig. 5) . Cultures exposed to stretch also exhibited a rapid loss of TMRM fluorescence. However, this recovered within hours (Fig. 5) . In contrast, in stretched neurons that were subsequently challenged with NMDA, TMRM fluorescence never recovered (Fig. 5) . Thus, although all stretched cells exhibited a drop in mitochondrial potential, only those that died (stretch plus NMDA) exhibited an inability of mitochondrial potential to recover. Moreover, mitochondrial dysfunction in these cells started within minutes and thus preceded cell death.
Sublethal stretch produces high levels of nonlethal ROS
Mitochondria are a significant source of neuronal ROS after anoxic or excitotoxic insults (for review, see Lipton, 1999; Nicholls and Budd, 2000) , and ROS mediate cell injury in neurotrauma (Lewen et al., 2000) . Because cell death in stretch plus NMDA was associated with irrecoverable loss of mitochondrial function, we questioned whether this could be related to the ROS production in the cell. ROS levels were gauged over 60 min using the fluorescent indicator DHR (Royall and Ischiropoulos, 1993; Dugan et al., 1995) , as described previously . Treatment with the mitochondrial uncoupler FCCP abolished all DHR fluorescence (Fig. 6 B, top right) , thus excluding any possibility that an increase in DHR signal could be caused by stretchinduced mitochondrial depolarization.
Treatment of unstretched cultures with 30 M or 1 mM NMDA caused the expected progressive increase in ROS, with a larger rise produced by the 1 mM concentration of NMDA (Fig.  6 A) . Stretch plus 30 M NMDA produced the largest amount of DHR fluorescence, a finding commensurate with the lethality of this insult (Fig.  6 A, B) . Surprisingly, however, lethality was not solely a function of the quantity of ROS produced: sublethal stretch alone produced a rapid increase in ROS production that matched that produced by a 1 mM NMDA insult (Fig. 6 A) . However, stretch alone was nonlethal, whereas all neurons challenged with 1 mM NMDA ultimately died (Fig. 1 A) . Thus, different insults can evoke similar levels of ROS, but similar levels of ROS do not necessarily dictate a similar lethality for different insults. This could be explained if ROS production was not the cause of NMDA toxicity, or if the stretch insult induced the production of different, less toxic, free radical species than the NMDA treatment. Individual species of oxygen-free radicalts are difficult to resolve with fluorescent indicators. For example, DHR is sensitive to superoxide but also to other ROS such as hydrogen peroxide and peroxynitirite (Rothe et al., 1991; Royall and Ischiropoulos, 1993; Bueb et al., 1995; Gilad et al., 1997; Ostrovidov et al., 1998; Gow et al., 1999) . Thus, we turned to pharmacological approaches to further examine the contribution of ROS to the enhanced vulnerability of sublethally stretched neurons to NDMAR-mediated toxicity.
Pretreatment with a superoxide dismutase mimic reduces stretch-induced ROS production and NMDAR-mediated toxicity ROS are produced in large quantities during excitotoxic or anoxic insults (Reynolds and Hastings, 1995; Bindokas et al., 1996; Lipton, 1999) . To suppress their effects, we used the superoxide dismutase (SOD) mimetic MnTBAP, which scavenges superoxide, hydrogen peroxide, and peroxynitrite (Patel et al., 1996; Day et al., 1997; Zingarelli et al., 1997; Hill et al., 2000) . Accordingly, we first studied the effect of MnTBAP treatment on the survival of stretched neurons treated with NMDA. Cultures underwent stretch under the conditions indicated in Figure  7A . Cell death was gauged at 20 hr thereafter. Treatment with MnTBAP completely eliminated cell death in stretched cells treated with 30 M NMDA (Fig. 7 A, B) . This confirmed that ROS are key in the vulnerability of the neurons to NMDA and thus in the vulnerability of stretched cells to NMDA.
To confirm that MnTBAP protected cells by reducing ROS production, we repeated the stretch experiments with MnTBAP and subsequently measured ROS with DHR. MnTBAP pretreatment reduced DHR fluorescence in all culture conditions, indicative of reduced ROS production (Fig. 7C) . These findings support the use of DHR as a ROS probe in these experiments and confirm the role of ROS in the toxic effects of NMDA in stretched cells.
NO is required for the enhanced vulnerability of sublethally stretched neurons to NMDA
The most common ROS produced by mithochondria is superoxide (Nicholls and Budd, 2000) . However, in some instances, NMDAR-mediated toxicity has been ascribed to NO (Dawson et al., 1991; Sattler et al., 1999) , produced by nNOS. To determine the role of NO in the vulnerability of stretched neurons to NMDA, we first used the NOS inhibitor L-NAME, which protects our cultures against NMDAR toxicity (Sattler et al., 1999) . Treating the cultures with L-NAME reduced the toxicity of 30 M NMDA in unstretched neurons (Fig. 8 A) , although not to the extent achieved by the SOD mimic MnTBAP (compare Figs. 7A, 8). However, treatment with L-NAME completely eliminated the enhanced vulnerability of stretched neurons to NMDA (Fig. 7A) .
The disproportionate protective effect of L-NAME on the toxicity induced in stretched neurons by NMDA suggests that this enhanced vulnerability might be mediated by NO production.
To examine this further, we used the NO donor SNP to generate this radical in stretched neurons (Sattler et al., 1999) . Pilot experiments using the NO-sensitive dye DAF2-DA (4,5, diaminofluoresceine) (Kojima et al., 1998) confirmed that SNP treatment enhanced NO levels in the cultures (data not shown). If the enhanced vulnerability of stretched neurons to NMDA is mediated by NO, then stretched neurons should also be more vulnerable to the direct addition of the NO donor independently of NMDA. To test this, stretched and unstretched cultures were exposed to 300 M SNP. Consistent with our hypothesis, stretched cultures exhibited increased vulnerability to SNP (Fig.  8 B) . Taken together, the selective effects of L-NAME and SNP on the vulnerability of stretched cultures strengthens the notion that NO production is important for this effect and that NO is a mediator of the enhanced vulnerability of stretched cultures to secondary insults.
NO reacts with mitochondrially derived superoxide to form peroxynitrite (Bonfoco et al., 1995) , a potent radical to which have been ascribed the damaging effects of NO signaling (Royall and Ischiropoulos, 1993; Trackey et al., 2001) . Indeed, treating the cultures with MnTBAP, which scavenges superoxide and peroxynitrite , reduced SNP toxicity to baseline (Fig. 8 B) , suggesting that this toxicity might involve peroxynitrite formation. Accordingly, we next examined the role of peroxynitrite in the vulnerability of stretched neurons to NMDA toxicity.
Peroxynitrite is the lethal ROS responsible for enhanced NMDA toxicity in stretched cultures
Peroxynitrite nitrates tyrosine residues found on many proteins, and this can be detected immunohistochemically by antinitrotyrosine antibodies (Trackey et al., 2001) . To determine whether peroxynitrite is the ROS mediating the vulnerability of stretched neurons to NMDA, cultures were exposed to stretch, stretch plus 30 M NMDA, or NMDA at low (30 M) or high (1 mM) concentrations. Nitrotyrosine staining was performed at 1, 4, and 12 hr after the indicated experimental manipulations (Fig.  8C,D) . Unstretched cultures that had been challenged with 1 mM NMDA displayed significantly increased nitrotyrosine immunofluorescence compared with unstretched cultures controls, cultures challenged with 30 M NMDA, or with cultures challenged only with stretch. This indicates that stretch alone does not produce peroxynitrite, a finding consistent with the lack of cell death with stretch alone. Furthermore, the data indicate that an NMDA insult evokes the production of ROS that are different from those elicited by stretch. The results point to peroxynitrite as the likely culprit necessary for cell death in these paradigms and explain why stretch and 1 mM NMDA insults each evoke similar levels of (Fig. 6 A) but the NMDA insult is lethal while the stretch is not. As suggested in a previous study (Trackey et al., 2001) , cortical cells may be better able to cope with an oxidative but not a nitrosative stress.
ROS as measured with DHR
An application of 30 M NMDA to unstretched neurons, or exposure only to sublethal stretch, did not evoke significant nitrotyrosine staining. However, the lethal combination of the two caused an even greater amount of nitrotyrosine staining than the 1 mM NMDA insult (Fig. 8C,D) . This suggests that the production of superoxide by previous stretch sensitizes the neurons so that the NO produced by low NMDA concentrations (30 M) is channeled into peroxynitrite production.
Pretreatment with L-NAME or MnTBAP protects neurons from internucleosomal DNA fragmentation
We have shown that DNA fragmentation occurs to a significant extent only in stretched neurons subsequently challenged with NMDA, compared with stretch alone or NMDA alone (Fig. 2 A-C) . However, this DNA fragmentation was not the result of apoptosis (Figs. 3, 4) . Moreover, we showed that death of stretched neurons challenged with NMDA requires ROS that include NO and peroxynitrite and that these radicals explained the enhanced vulnerability of the stretched cultures to NMDA. Previous studies have shown that these radicals, on their own, can also induce DNA fragmentation (Hill et al., 2000) . If so, then this fragmentation should be reversible by NO and peroxynitrite inhibition.
To test this, cultures were exposed to stretch, followed by NMDA as before, but in the presence of MnTBAP or the NOS inhibitor L-NAME. TUNEL staining and DNA gel electrophoresis were performed as before at 20 hr after insult. Treatment with either compound virtually abolished TUNEL staining (Fig.  9 A, B) and DNA laddering (Fig. 9C) , confirming that DNA fragmentation was the result of ROS produced through the NO signaling pathway.
Disrupting NMDAR-PSD-95 interactions attenuates stretch-induced enhancement of NMDA toxicity
If NO formation is responsible for enhancing the vulnerability of stretched neurons to NMDA, then blocking NO signaling should reduce this. Although NOS inhibition with L-NAME is one approach, it may not be specific to neurons because inducible NOS in glia may also mediate excitotoxic and anoxic damage to cortical neurons (Hewett et al., 1994 (Hewett et al., , 1996 .
To inhibit NO signaling with greater specificity to neurons, we focused on inhibiting neuronal NO formation by NMDA by perturbing the interactions of NMDARs with the submembrane scaffolding protein PSD-95 (Sattler et al., 1999) . Through its second PDZ [PSD-95/Discs large/zona occludens-1] domain (PDZ2), PSD-95 binds NMDAR NR2 subunits as well as nNOS, thus keeping this signaling enzyme in a close functional association with NMDARs (Kornau et al., 1995; Brenman et al., 1996;  Brenman and Bredt, 1997). The interaction between NMDAR NR2B subunits and the PDZ2 domain of PSD-95 depends on a conserved C terminus tSXV motif of NR2B (Fig. 10 Ai) (Kornau et al., 1995) . This interaction can be disrupted by the intracellular introduction of exogenous proteins that competitively bind to either the NR2B or the PDZ2 interaction domains (Fig. 10 Aii,iii) . We used a nine-residue peptide encompassing the PDZ-binding motif of NR2B (KLSSIESDV; NR2B9c), which binds the PSD-95 PDZ2 domain (Fig. 10 Aii) . This peptide prevents the association of PSD-95 with NR2 subunits (Kornau et al., 1995) and with Kv1.4 channels (Brenman et al., 1998) . NR2B9c also increases the binding activity of full-length recombinant PSD-95 protein to MAP1A (Brenman et al., 1998) . Although the significance of this is unclear, and microtubules are unlikely to participate in increasing the vulnerability of stretched cultures to NMDA toxicity, we controlled for this additional effect of NR2B9c by developing an alternative means to interfere with the NMDAR-PSD-95 interaction. We constructed a protein comprising residues 65-248 of PSD-95 encompassing the first and second PDZ domains (PDZ1-2), which contains the principal binding domain in PSD-95 for the C terminus of NR2B. This protein should also affect NR2B/PSD-95 binding by interacting with native NR2B C terminus motifs (Fig. 10 Aiii) .
NR2B9c or PDZ1-2 on their own were not anticipated to enter cells, and therefore we fused each to a peptide corresponding to the cell membrane transduction domain of the HIV-1-Tat protein (YGRKKRRQRRR; Tat) to obtain a 20 amino acid peptide (Tat-NR2B9c) and the fusion protein pTat-PDZ1-2 (Fig.  10 B) . These transduce cell membranes in a rapid, dosedependent manner independent of receptors and transporters (Schwarze et al., 1999; Aarts et al., 2002) . As a control for cell transduction, we created a peptide comprising HIV-1-Tat residues 38 -48 (KALGISYGRKK; Tat38 -48) outside the Tat transduction domain (Mann and Frankel, 1991) , which does not pass through cell membranes (Aarts et al., 2002) . As a control for the Tat-NR2B9c peptide, we synthesized a peptide in which the C-terminal tSXV motif of NR2B contained a double point mutation to alanines (Tat-KLSSIEADA; Tat-NR2BAA), rendering it incapable of binding PSD-95 (Kornau et al., 1995) . As a control for pTat-PDZ1-2, we made pTat-GK, a Tat fusion protein containing residues 534 -724 of PSD-95 comprising the C-terminal guanylate kinase homology domain that lacks enzymatic activity (Kistner et al., 1995) . A listing of the active and control proteins constructed to target either side of the NR2B-PSD-95 interaction is provided in Figure 10 B.
To examine intracellular delivery of Tat peptides, they were conjugated to the fluorophore dansyl chloride (excitation, 360 nm; emission, Ͼ510 nm). Intracellular accumulation of dansylTat-NR2B9c (10 M), but not control peptide (dansyl-Tat-38 -48; 10 M), was observed 30 min after application to cortical neuronal cultures using confocal microscopy ( Fig. 10C ; representative of five experiments). Fluorescence of cultures treated with dansyl-Tat-38 -48 was similar to background (data not shown). In a previous study, dansyl-Tat-NR2B9c was detectable in the neurons within 10 min of the start of the application, reaching a peak level over the next 20 min. This level was maintained until the dansyl-Tat-NR2B9c was washed from the bath, and the peptide remained detectable within the neurons for Ͼ5 hr thereafter (Aarts et al., 2002) . In previously characterizing the effects of Tat-NR2B9c in vitro, we found that applying Tat-NR2B9c reduced the coimmunoprecipitation of PSD-95 with NR2B. In hippocampal CA1 neurons, Tat-NR2B9c (50 nM) had no effect on synaptic responses, on patch recordings of total EPSC, or on AMPA or NMDA components of the EPSC. In cultured cortical neurons, Tat-NR2B9c or pTat-PDZ1-2 (each at 50 nM) did not alter the uptake of 45 Ca 2ϩ produced by applying NMDA (Aarts et al., 2002) . However, Tat-NR2B9c (50 nM) treatment dissociated NMDAR activity from NO production by nNOS (Aarts et al., 2002) , which is bound to the PDZ2 domain of PSD-95 (Brenman et al., 1996) .
Having previously shown that Tat-NR2B9c treatment reduced NO production in cultures challenged with NMDA (Aarts et al., 2002) , we next evaluated the effects of Tat-NR2B9c on NMDA-mediated free radical production and nitrotyrosine staining in both unstretched (Fig. 10 D, top) and stretched (Fig.  10 D, bottom) cultures. Tat-NR2b9c pretreatment reduced NMDA-evoked ROS production in both paradigms, as measured by DHR oxidation (Fig. 10 D) . Also, Tat-NR2B9c pretreatment resulted in reduced nitrotyrosine immunoreactivity at 12 hr after NMDA challenge, indicating that this approach successfully reduces peroxynitrite formation in the neurons (Fig. 10 E) .
Next, we examined the effect of pretreating the cortical neuronal cultures with 50 nM Tat-NR2B9c or with the control peptide Tat-NR2BAA. The peptides were applied 30 min before stretch, and NMDA (30 M) was applied for 1 hr thereafter. Neuronal cell death was quantified 20 hr after stretch (Fig.  11 A, B ; top). The peptides had no toxic effects in control or in stretched cultures (Fig. 11 A) . On exposure to low NMDA concentrations, stretched cultures that were untreated with the peptides exhibited the anticipated increased vulnerability to NMDA toxicity (Fig. 11 A) . However, this heightened vulnerability was completely abolished in cultures pretreated with Tat-NR2B9c (Fig. 11 A) . The effects of Tat-NR2B9c were not seen with the control peptide Tat-NR2BAA (Fig. 11 A) .
Our data indicate that NMDARs, through their specific interactions with PSD-95 protein, are able to trigger distinct downstream signaling cascades responsible for the enhanced vulnerability of neurons to NMDA toxicity. Because these signaling mechanisms, once activated, may persist beyond the duration of the NMDA challenge, we next examined whether post-treatment of cultures with Tat peptides or fusion proteins could also be protective. Experiments in cultured cortical neurons were repeated as in Figure 11 A, but the Tat peptides were applied after terminating the 1 hr NMDA challenge ( Fig. 11C,D; top) . Posttreatment with Tat-NR2B9c, but not Tat-NR2B-AA, reduced the enhanced cell mortality produced in stretched neurons by the NMDA challenge (Fig. 11C) . Similar results were obtained by post-treating the cultures with pTat-PDZ1-2, the fusion protein that targets the opposite side of the NR2-PSD-95 interaction from Tat-NR2B9c (Fig. 11 D) . In contrast, the control fusion protein pTat-GK, which does not target this interaction, was ineffective (Fig. 11 D) . In conclusion, introducing into the cells an exogenous peptide containing the C-terminal nine amino acids of the NR2B NMDAR subunit has profound effects on excitotoxic signaling pathways downstream of NMDAR activation. The effects of this peptide are lost by mutating amino acids that are essential for mediating PDZ binding to PSD-95. In addition, a protein comprising PDZ1-2 of PSD-95 shares the effects of the NR2B C-terminal peptide. These findings imply that the cytotoxic signals downstream from NMDARs may be interrupted by these cell-permeant peptides.
Discussion
Here, we describe the mechanism of increased vulnerability of sublethally stretched neurons to secondary glutamatergic insults, which are common after CNS trauma (Faden et al., 1989; Brown et al., 1998; Lewen et al., 2000) . Also, we described the death mechanisms underlying the DNA fragmentation that was so suggestive of apoptosis in these cells. Sublethal stretch injury was tolerated by the neurons but rendered them vulnerable to low concentrations of NMDA that otherwise would have been tolerated (Fig. 1) . Unstretched neurons challenged with lethal NMDA concentrations exhibited the usual morphological features of necrotic death, whereas stretched cells exhibited nuclear irregularities (Fig. 1C) and DNA fragmentation (Fig. 2) suggestive of a switch to apoptosis. However, the DNA degradation was not attributable to classical (caspase mediated) (Fig. 3) or caspase-independent (Fig. 4) apoptosis. Rather, it was related to profound mitochondrial dysfunction (Fig.  5 ) and ROS production (Fig. 6) . Indeed, sublethal stretch resulted in surprisingly high levels of ROS, matching those created by a lethal insult with 1 mM NMDA (Fig.  6) . However, to be lethal, the ROS produced also needed to include reactive nitrogen species, especially peroxynitrite (Figs. 7, 8C, D) . ROS scavengers and NOS inhibitors prevented cell death and DNA degradation (Figs. 7, 8 A, B, 9) . Moreover, inhibiting NMDAR-evoked nNOS activation with peptides that perturbed NMDAR-PSD-95 interactions reduced protein nitration (Fig. 10 ) and cell death (Fig. 11) . Collectively, these data indicate that increased vulnerability of stretched neurons to secondary insults is attributable to the surprisingly high ROS produced in the cells even when stretch is sublethal. This primes the neurons to additional insults such as with NMDA, which produces NO. The combination of mitochondrial ROS (superoxide) and NO into peroxynitrite (Reiter et al., 2000) leads to the protein nitration, DNA degradation, and cell death (Fig. 12) . Thus, the DNA fragmentation seen in these cells is not apoptotic but is attributable to DNA damage by reactive nitrogen species.
Numerous studies have implicated apoptotic mechanisms in spinal cord injury (SCI) and TBI (for review, see Beattie et al., 2000; Eldadah and Faden, 2000; Keane et al., 2001; Faden, 2002; Liou et al., 2003) , and the present study does not exclude a role for apoptosis in these conditions. Also, our data do not exclude the possibility that apoptotic mechanisms play key roles in the death of non-neuronal cells in CNS trauma. For example, in SCI, neurological dysfunction is attrib- utable in part to oligodendrocyte apoptosis (Beattie et al., 2002; Dong et al., 2003; Stirling et al., 2004) . Rather, our focus here was on mechanisms that can lead to neuronal damage in mild in vitro stretch injury . The strain rates experienced by the neurons in our injury model are considerably less than those in previously published reports, because most of these used models that reproduced strains experienced during severe TBI in vivo (Thibault et al., 1992; Ellis et al., 1995; Zhang et al., 1996; Laplaca et al., 1997) . Thus, our findings in a milder traumatic insult are significant in several respects. First, we showed that even sublethal injuries produce changes in neurons that render them vulnerable to secondary insults, highlighting the importance of preventing secondary perturbations that might otherwise have been tolerated. Second, we illustrated that in mild neurotrauma, apoptotic-like features are attributable entirely to nonapoptotic mechanisms, highlighting the potential difficulties in attributing the relative contribution of apoptosis to neurons survival in more severe mechanical trauma. Third, we determined the mechanisms of enhanced vulnerability of the neurons to secondary insults and of the DNA damage produced, thus raising the possiblility of treatment based on these mechanisms. Finally, we demonstrated a means of treating stretch-induced injury and preventing the vulnerability of neurons to secondary insults, using peptides that reduce this vulnerability even after the injury onset.
Previous studies have suggested that ROS production and apoptosis may occur concurrently in cultured neurons exposed to excitotoxicity (Bonfoco et al., 1996) or stretch injury (Shah et al., 1997) . Similar findings have been published in animal models of neurotrauma (for review, see Raghupathi et al., 2000; Leker and Shohami, 2002) . However, when the primary insult can itself be lethal, it is difficult to distinguish whether the ROS detected were the cause of apoptosis or whether apoptotic mechanisms occurred independently of ROS production. If so, then at least part of the DNA fragmentation and nuclear irregularities observed in these studies may have been attributable to ROS rather than to apoptosis. Our approach of sublethally stretching neurons removed the confounding effects of cell death because of the primary (stretch) insult, and the data suggest that caution should be exercised in drawing inferences about the mechanism of cell death in more severe forms of injury.
Excitotoxicity has long been implicated in mediating traumatic damage. For example, neuronal damage induced in mixed cultures by tearing with a plastic stylet is attenuated by NMDA antagonists (Tecoma et al., 1989) . In rats, brain injury induced by fluid percussion causes a marked elevation in extracellular glutamate and aspartate adjacent to the trauma site, which correlates to the severity of the injury and cellular bioenergetic failure (Faden et al., 1989) . Neurotrauma also induces CNS ischemia in animals and humans (Tator and Koyanagi, 1997; Zwienenberg and Muizelaar, 2001) , and excitotoxicity attributable to an excessive release of excitatory amino acids is anticipated. Furthermore, glutamate is present in millimolar quantities in neurons and glial cells, and it is anticipated that primary mechanical disruption of cell membranes would raise extracellular glutamate levels and cause excitotoxicity. However, in the present study, we show that the levels of extracellular excitotoxic substances are not the sole determinant of survival outcome. Whereas high concentrations of NMDA are lethal to unstretched cells, very low amounts are needed to kill neurons that had undergone mild trauma because of their previous priming through mitochondrial ROS production. This may be an additional important mechanism of damage in neurotrauma.
Our previous characterization of the present model demonstrated that the enhanced vulnerability of sublethally stretched cortical neurons is not ubiquitous to all secondary insults. Rather, it exhibited specificity to NMDAR-associated signaling pathways. We have previously demonstrated this phenomenon in excitotoxicity in cultured spinal and cortical neurons (Tymianski et al., 1993; Sattler et al., 1998) . Although it is generally accepted that NMDARs play key roles in excitotoxicity because of their high Ca 2ϩ permeability (Choi, 1992; Tymianski, 1996) , the mechanism by which Ca 2ϩ influx triggers neuronal cell death is no longer felt to be a simple function of the quantity of Ca 2ϩ entering the cell. Rather, there is now compelling evidence that various calcium-dependent processes are regulated via distinct signal pathways linked to specific routes of Ca 2ϩ influx (Bading et al., 1993; Ghosh et al., 1994) . The "source specificity hypothesis" (reviewed in Tymianski and Tator, 1996; Hardingham and Bading, 2003) reasons that Ca 2ϩ toxicity occurs not simply as a function of increased Ca 2ϩ concentration but is linked to the route of Ca 2ϩ entry and the distinct second messenger pathways that are activated as a result. Because this applies also to mechanical neuronal damage , this suggests that despite the large number of processes that might be perturbed in neurotrauma, only some might require therapeutic intervention. In the case of the present paradigm, we reason that the preferential association of NMDARs with PSD-95 over other submembrane molecules underlies the Figure 12 . Proposed mechanism of cell death in sublethally stretched neurons exposed to NMDA. Stretch results in increased superoxide production at a level that is still tolerated by the cells. However, subsequent NMDAR activation causes NO production, which permits the formation of peroxynitrite. This, in turn, causes DNA fragmentation by a process independent of classical caspase-dependent apoptosis, caspase-independent apoptosis (AIF, endo g), or caplains.
specificity of stretch-induced vulnerability of neurons to NMDA toxicity.
PSD-95 binds cytoskeletal organizing proteins (Brenman et al., 1998; Niethammer et al., 1998) , other scaffolding molecules (Kim et al., 1997; Naisbitt et al., 1999) , and signaling enzymes such as SynGAP (Kim et al., 1998) . Through its second PDZ domain (PDZ2), PSD-95 binds both NR2 subunits and nNOS (Kornau et al., 1995; Brenman et al., 1996) . This configuration couples NMDAR activity with the production of NO, a signaling molecule that also mediates NMDAR-dependent excitotoxicity (Dawson et al., 1991) . Research has shown that NMDAR function is unaffected by genetically disrupting PSD-95 in vivo (Migaud et al., 1998) or by suppressing its expression in vitro (Sattler et al., 1999) . Nonetheless, PSD-95 deletion dissociates NMDAR activity from NO production and suppresses NMDARdependent excitotoxicity (Sattler et al., 1999) . We have previously demonstrated in cultured cortical neurons that suppressing PSD-95 expression selectively attenuated excitotoxicity triggered via NMDARs but not by other glutamate or Ca 2ϩ channels (Sattler et al., 1999) . More recently, we disrupted preformed NMDAR-PSD-95 complexes in cultured neurons and in vivo, which also attenuated NMDA toxicity in vitro and ischemic brain damage in rats (Aarts et al., 2002) . Given the data in the present study, it is plausible to attribute the affects of perturbing NMDAR-PSD-95 interactions to a reduction in NO signaling. However, PSD-95 also binds a range of additional anchoring and signaling proteins, the functions of which are incompletely understood and which may also participate in enhancing the enhanced vulnerability of the neurons to NMDA after stretch (Sheng, 2001; Sheng and Kim, 2002) . Thus, it is possible that targeting other intracellular proteins using the approach described here could be used to study and modulate signaling pathways responsible for other components of traumatic and ischemic CNS damage.
